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Pushing a cut-off voltage higher is one of the best approaches to enhance both the capacity and 
energy density of the conventional LiCoO2 cathode. However, charging the LiCoO2 cells repeatedly to 
voltages higher than 4.35 V versus Li/Li+ induces significant degradations in the surface and bulk 
structure, which eventually leads to the severe capacity fading. This has spurred intensive research 
efforts to enhance the cycling stability of the LiCoO2 cathode at high voltages over the past decade, 
including the surface coating and bulk doping methods. Nevertheless, most approaches showed only 
partially improved structural and surficial stability and thus practical reversible capacity of the 
LiCoO2 is still limited. In this work, we review previous studies on degradation mechanisms of the 
layered cathode materials at high voltages and strategies to improve their cycling stability. 
Furthermore, we also reveal that the degradation of the large-sized LiCoO2 cathode material was 
mainly due to the significant crack formation and irreversible structural changes. On the basis of this 
finding, we demonstrate that a high temperature solid-state surface modification method via coating 
materials can be a great practical approach to enhance the cycling stability of the LiCoO2 cells. This 
simple, one-step strategy can not only enhance the reversibility of the bulk phase transition and 
surface stability of the LiCoO2, but also effectively suppress the crack formation. The modified 
LiCoO2 exhibits a highly stable cycling stability in the full-cell system with a capacity retention of 
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Today, the development of renewable energy has become a global issue because of worldwide 
energy regulations to reduce the use of fossil fuel. However, for the utilization of this energy source in 
real life, we need to develop not only energy conversion technologies, but also good energy storage 
systems (ESSs). There are various types of ESS utilizing electrochemical energy, thermal energy, 
kinetic and potential energy. Among them, systems using electrochemistry (such as batteries) are 
receiving the most attention because of their advantages in price, efficiency, and application (Figure 
1).1-2 The electrochemical energy storage system has rapid energy conversion because the electrical 
energy is directly converted by electrochemical oxidation and reduction reactions. To date, 
rechargeable lithium-ion batteries (LIBs) are the best candidates for electrochemical ESS in terms of 
practical gravimetric/volumetric energy density, storage capability at high rates, space/size limitations, 
operating potential/coulombic efficiency, and durability. A variety of portable electronics occupy a 
large portion of our daily lives and LIB is used as a power source for them. In recent years, LIB has 
also been used in the electric vehicles and large-scale ESS for industrial applications, thus the usage 
of LIBs will further increase in the future. With this trend, demand for LIB with high capacity, long 
cycle life, and high stability is rapidly increasing. Furthermore, ease of use and material abundance 
are being important consideration factors in battery development.3 
LIB is mainly composed of the cathode, anode, separator, and electrolyte. Among them, cathode is 
the most important component determining energy density, cycle life, and battery price. This work 
introduces basic knowledge of a LiCoO2, the most well-known LIB cathode material with a layered 





Figure 1. (a) Energy storage systems (ESSs) utilizing various energy sources.2 (b) The duration and 










1.1 Layered LiCoO2 cathode material 
To date, various cathode materials for LIBs with layered (LiMO2, M= Co, Ni, Mn or its 
combinations), spinel (LiMnO4), and olivine (LiMPO4, M= Fe, Co, Mn) structure have been 
developed.4 Among them, layered LiCoO2 (referred to as LCO) was commercialized for the first time. 
The LCO belongs to an α-NaFeO2 crystal structure, which has an O-Li-O-Co-O-Li-O arrangement 
and the R-3m space group. In the LCO crystal structure, cobalt and lithium ions alternately occupy the 
octahedral site of the cubic closed packed oxygen atom array. (Figure 2). Li ions in this layered 
cathode material have 2-dimensional diffusion pathway along its slab. 
The LCO has a high theoretical capacity of 274 mAh g−1, but only ~60% of this capacity is available 
in commercial LIBs. This is because a cut-off voltage of the LCO cell is limited to 4.4 V (vs Li/Li+) 
and the active material undergoes severe degradation at higher voltages. Many researchers have 
revealed degradation mechanisms at high voltages, including phase transition from the hexagonal to a 
monoclinic phase,5-6 dissolution of Co ions,7-8 formation of the spinel or rock salt phase at the 
surface,9-10 and various side reactions with electrolytes.11-12 Notably, transition toward the monoclinic 
phase is irreversible, which results in only partially reversible intercalation and deintercalation of Li 
ions and eventually significant capacity fading. 
 Recently, increasing cost of cobalt source and ever-growing demand for LIBs with higher energy 
density have led to the replacement of the LCO with LiNixCoyMnzO2 (x + y + z = 1) cathode materials. 
Nevertheless, the LCO is still one of the most attractive LIB cathode materials for portable electronics 
because of its large-scale synthetic capability, high electrode density (≥4.0 g cm−3), high redox 
potential (~4 V vs Li/Li+) with decent capacity as well as excellent stability against moisture.13 
Accordingly, extensive research efforts to increase the energy density of the LCO have been made, 
resulting in higher cut-off voltage by modifying the surface and bulk properties. However, the 





Figure 2. (a) Crystal structure of the LiCoO2. (b) Octahedral CoO6 structure. (c) ABCABC stacking 
arrangement of the LiCoO2.14 
 
1.2 High voltage operation of layered cathode materials 
 Increasing the cut-off voltage is one of the best approaches to enhance the energy density of the 
cathode materials. However, it is not feasible yet as the high voltage cycling induces severe 
deterioration in electrochemical performances of the cathode. One of the most well-known 
degradation mechanisms in high voltage environments is the continuous electrolyte decomposition at 
the cathode-electrolyte interphase.15 For the long-term operation of the cell, it should be charged and 
discharged within the electrochemical stability window of the electrolyte. In general, the 
electrochemical window of an electrolyte is determined by its highest occupied molecular orbital 
(HOMO) and lowest unoccupied molecular orbital (LUMO) energy level.16 Ideally, the redox 
potential of the cathode material should be lied above the HOMO energy and that of the anode should 
be lower than the LUMO energy level. However, the operating potential of most commercialized 
graphite anodes (~0.2 V vs. Li/Li+) lies beyond the LUMO energy level of conventional organic 
electrolytes, which gives rise to the inevitable anode-electrolyte reactions at the anode surface. Hence, 
the formation of a stable solid-electrolyte interphase (SEI) is highly important for the reversible cell 
operation (Figure 3).17-18 
As for the cathode, the redox potential would be placed lower than the HOMO energy level of the 
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electrolyte when charged to higher voltages than conventional case, which results in the deviation 
from the electrochemical stability window. Accordingly, electrons can move from the cathode to the 
electrolyte, providing a thermodynamic driving force for the electrolyte decomposition. The cathode-
electrolyte reactions cause not only a loss of the active material and Li ions, but also an increase in the 
internal resistance resulted from the accumulation of the side reaction products at the cathode-
electrolyte interphase. In addition, extended Li extraction from the crystal structure of the cathode 
material leads to the irreversible structural change, and eventually severe capacity fading.19-21 
Moreover, inactive cell components including the conductive carbon, separators, binders, and current 
collectors can be degraded at high voltage regions.16 This section will discuss degradation 
mechanisms of the layered cathode materials at high voltages and previous studies to resolve these 
problems. 
 






1.2.1 Degradation mechanisms of layered cathode materials in high voltage 
environment 
 
Parasitic electrolyte decomposition on charged cathode surface 
 As mentioned above, the electrolyte becomes thermodynamically unstable at high voltages because 
of a change in the electrochemical potential of the cathode. Furthermore, nucleophilic surface oxygen 
in the highly delithiated cathode materials can attack the electrophilic carbonate solvent molecules of 
the electrolyte solution. For example, the ring opening reaction of the ethylene carbonate (EC) can 
arise at the cathode surface, forming Li2CO3, semicarbonates, polycarbonates, Li alkoxides and other 
products (Figure 4b).16, 22 These organic and inorganic compounds increase an interphase resistance by 
accumulating on the cathode surface, which adversely affects the electrochemical performance of the 
cell. As a rule, a nucleophilicity of the surface oxygen in layered metal oxides becomes stronger with 
a greater electronegativity of the transition metal (TM) and a covalency between the TM and oxygen. 
Thus, it is generally accepted that decomposition of the EC solvent is more severe in Ni-based 
cathode materials than Co-based cathode materials (Figure 4a). 
 The breakdown of the electrolyte can be accelerated by acidic species originated from the hydrolysis 
of the LiPF6 salts.23 
 
(1) LiPF6 → LiF(s) + PF5 
PF5 + H2O → POF3 + 2HF 
(2) LiPF6 + H2O → LiF(s) + POF3 + 2HF 
 
 These unwanted side reactions not only continuously consume the extra Li ions but also contribute to 
the impedance growth on the electrode surface during cycling, which eventually leads to the 





Figure 4. (a) Nucleophilicity of the oxygen at the delithiated cathode surface with the atomic number 
of transition metal. (b) Nucleophilic attack at the surface of layered oxide and EC decomposition.16 
 
TM dissolution and chemical crossover between the cathode and anodes 
 Reduction and dissolution of the TM from the cathode surface have been generally accepted as one 
of the main degradation mechanisms of layered cathode materials at high voltages. TM ions should 
remain in the crystal lattice of the cathode material and participate in redox reactions during cycling. 
However, after the active materials contact with an electrolyte or after cycling, surface TM ions are 
partially reduced to the divalent state by the reactions with the electrolyte.25-27 This is an irreversible 
process, which results in the active material loss and an impedance buildup derived from the 
formation of the resistive layer at the cathode surface, and eventually capacity fading. In addition, 
some of TM ions are extracted from the cathode crystal structure and dissolved to the electrolyte. 
Dissolved TM ions and side reaction products at the cathode surface can migrate to the anode side by 
the concentration gradient or electric field force. They can be accumulated on the separator surface 
during this process, which hinders the facile transport of Li ions by clogging the separator pores and 
results in the internal resistance buildup.16 If the TM ions pass through the separator pores and reach 
the anode side, it can be deposited on the anode surface owing to the low potential of the negative 
electrode. This generally accompanies the decomposition of the extra electrolyte and formation of the 
unstable SEI layer.16, 28-30 This phenomenon is referred to as an chemical crossover, which causes a 
sluggish Li ion transport and localized Li plating as well as Li dendrite formation, eventually leading 
to the internal short circuit.  
 Some mechanisms to explain the TM dissolution and the crossover have been proposed, including 
the attack of acidic species to the cathode active materials and disproportionation reaction (e.g., 2Mn3+ 
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→ Mn2+ + Mn4+) within the cathode material.31-32 However, detailed mechanisms of the TM 
dissolution and chemical crossover between the cathode and anodes is still under debate.30 These 
phenomena induce cell degradation in most layered cathode materials, especially in the manganese-
based cathode materials, which has prompted an extensive research efforts. A recent study by Cho et 
al. reported that the Ni ion crossover from Ni-rich cathode with a Ni content of ≥80% facilitates the 
formation of unstable SEI on the anode surface and cell degradation (Figure 5).33 The dissolution of 
Co ions and Co ion crossover on the anode surface have also been reported in the LCO/graphite cell at 
a cut-off voltage of ≥4.2 V.7, 34 However, most previous reports provide only the evidence of Co 
deposition on the anode surface and the electrochemical cycling data, which cannot explain the 
connection between two phenomena clearly. They did not demonstrate that the Co ion crossover can 
affect the formation of unstable SEI layer or Li dendrite on the anode surface, which eventually 
deteriorate the anode capacity. In addition, other mechanisms such as crack formation or irreversible 
phase transition also should be considered. Indeed, as migrating species from the cathode is extremely 
complicated and cannot be detected quantitatively, their impacts on the anode SEI layer and 
electrochemical performances are still elusive. Therefore, it is essential to clearly reveal the major 
cause of the cell degradation in high voltage environments through the comprehensive analysis 







Figure 5. (a) Illustrations showing the effects of the nanostructured stabilizer which can suppress 
nickel ion dissolution of the NCM (LiNi0.8Co0.1Mn0.1). Ni 2p X-ray photoelectron spectroscopy (XPS) 
spectra of the graphite anode in the (b) NCM/graphite full-cell and (c) NS-NCM/graphite full-cell 
after the cycling. Nanostructured stabilizer-incorporated NCM was denoted as NS-NCM. More Ni2+ 
ions were detected on the anode surface of the NCM/graphite full-cell.33 
 
Bulk and surface phase transition 
 LCO, the most well-known layered cathode material, experiences the bulk phase transitions from the 
O3 to H1-3 and O1 phases when charged to above 4.5 V.5, 35-36 As it accompanies a change in the 
atomic stacking of O-Co-O slab, the LCO structure can be damaged during repeated high voltage 
charging, resulting in drastic capacity fading (Figure 6).20, 36 Additionally, an atomic stacking change 
contributes to oxygen loss from the LCO crystal lattice and the evolution of the spinel phase at the 
LCO surface. During the high voltage charging process, most Co ions are oxidized to the tetravalent 
state (i.e., from Li+Co3+O2−2 to Co4+O2−2), which can be easily reduced to the spinel-like Co3O4 phase 
through the reaction with the electrolyte at the cathode surface: 
 
3Co4+O2−2 + 2E → Co2+Co3+2O2−4 + 2E2+2O2− 
 
where E is the electrolyte which acts as a reducer.20 This newly formed phase exhibits lower Li-ion 
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conductivity than the original layered phase, leading to the capacity fading. 
 
 
Figure 6. (a) Differential capacity vs. voltage curves of the LiCoO2 (LCO) cell charged to 4.6 V for 
different cycles, which shows the irreversible phase transition of the LCO at high cut-off voltage. (b) 
Phase diagram of LixCoO2 according to the Li contents (0<x<1).36 
 
 In the Ni-based cathodes, it is well-known that the active material degradation is originated from the 
migration of TM ions into the Li slab (cation mixing), which leads to the evolution of the disordered 
phase near the surface region (Figure 7).37-39 It was directly observed using the atomic resolution 
scanning transmission electron microscopy (STEM) and electron energy loss spectroscopy (EELS) 
mapping analyses by Wang’s group.39 They revealed that the high voltage cycling creates oxygen 
vacancies, which facilitate the reduction of neighboring TM ions and consequent migration to the Li 
layers. They also revealed that Ni ions preferentially migrate to the Li slab rather than Co and Mn ions, 
inducing the structure disordering in the LiNi1/3Co1/3Mn1/3 (NCM333). The possibility of Li vacancies 
would be larger near the surface than other regions because most Li ions are extracted from the 
surface. Hence, the cation migration and phase transition arises mainly at the surface.38 A surface 
disordered phase functions as a passivation layer, which hinders the diffusion of Li ions and 





Figure 7. HADDF-STEM images of the NMC333 surface. (a) Pristine sample, (b) after 100 cycles 
with a cut-off voltage of 4.2 V, and (c) after 100 cycles with a high cut-off voltage of 4.8 V. (d) 
Magnified STEM image from the red box in (c). The insets are the models illustrating lattice change 
from the surface into the bulk, where transition metal, oxygen, and Li ions are denoted by blue, red, 
and green balls, respectively. The surface reconstruction layer was indicated by yellow dashed lines. 
Fast Fourier transformation (FFT) patterns from each region in (d) are shown, where blue arrows 








 Recently, most state-of-the-art Ni-based cathode materials are synthesized through the co-
precipitation method, constructing the secondary particles. In general, the intercalation and 
deintercalation processes in the layered cathode materials accompany the lattice expansion and 
shrinkage.40 However, as each primary particle has different crystallographic orientation, it 
experiences an anisotropic volume change during cycling.41 Such continuous lattice volume change 
induces severe strain along the grain boundary, resulting in microcracks between primary particles. 
This type of cracking is termed as an intergranular crack, which has been well-known as one of the 
major degradation mechanisms of Ni-based cathode materials. The intergranular cracks cause the loss 
of connectivity between primary particles, leading to the poor electrical conductivity. Furthermore, 
when the newly created surface derived from the cracks is exposed to the electrolyte, it consumes the 
extra Li ions through the side reaction.42 Besides intergranular cracks, intragranular cracks have also 
been observed in harsh conditions such as high temperature, high voltage operation, and long-term 
cycling. These small cracks in the primary particle have been observed in layered cathode materials 
such as LCO,20, 43 NCM.42, 44-45 They can also create new surfaces that may be exposed to the 
electrolyte. More severely, the intragranular cracking is related to the structural degradation and 
mechanical failure of the active materials. According to the study from Wang’s group,42 a degree of 
intragranular crack formation becomes greater at higher cut-off voltage (Figure 8a). They proposed 
that higher cut-off voltage causes deeper Li-ion extraction, which gives rise to a severe lattice change 
and internal strain within the particle, and eventually structural instability. The internal strain results in 
the splitting between two neighboring transition metal slabs and the formation of a dislocation. 
Generally, this dislocation propagates along the (003) plane and creates bigger cracks, which will 
deteriorate the cell capacity (Figure 8b). Another study from this group45 revealed that thermally 
induced intragranular cracks have similar formation mechanisms with those of electrochemically 
induced, including the oxygen release and surface phase transformation (Figure 8c). 
To summarize, the degradation process of layered cathode materials at high voltage is significantly 
complicated as it arises from not only the surface, but also the bulk structure. Accordingly, intensive 
research efforts to resolve these problems have been made over the past decade, which will be 




Figure 8. (a) A graph and high angle annual dark field (HAADF) images illustrating the relationship 
between the degree of intragranular cracks and cycling voltage. (b) Schemes for crack incubation and 
propagation process assisted by the dislocation.42 (c) A crack-propagation process, accompanying the 









1.2.2 Previous strategies for high voltage operation of layered cathode 
materials 
 Aforementioned problems of layered cathode materials at high voltage can be summarized as 
follows: 1) The structural instability of the cathode surface derived from side reactions with the 
electrolyte, 2) the intrinsic structural instability of the cathode active materials, 3) the electrochemical 
instability of the electrolyte. Previous research strategies to resolve these problems include the surface 
coating of inorganic materials, doping of heteroatom, and development of electrolyte additives. 
For example, Cho et al. reported surface coating of metal oxides such as ZrO2, Al2O3, which 
significantly improved the cycle retention of the LCO at high cut-off voltage (≥4.4 V).6, 46 The 
improvement was mainly attributed to the passivation effect of a coating layer against side reactions, 
which can suppress the impedance growth of a cell during cycling.36 In addition, other various 
modifications including post-heat treatment, metal-phosphate and polymer coating were reported.12, 15, 
20, 36, 47-49 For instance, Dahn’s group revealed that post-heat treatment without any coating precursor 
can improve the surface stability of the LCO by eliminating the residual Li and water species within 
the cell.36 Another study from Lee et al. unveiled that post-heat treatment creates a spinel-LixCo2O4 
phase on the LCO surface, which prevents side reactions and functions as a conductive layer.48 
Among a variety of surface coating methods, AlPO4 coating on the LCO exhibited a remarkable 
improvement in cycle performance at high voltages. The enhanced cycling stability was originated 
from the formation of Li-conductive Li3PO4 and LiAlxCo1-xO2 phases, which can suppress the Co 
dissolution and buildup of charge transfer resistance during cycling (Figure 9).47 To combine the 
coating effects of various elements, some binary hybrid materials were proposed as coating precursors. 
For example, spinel-MgAl2O4 modification on the LCO was reported, which can form the LiAlxCo1-
xO2, LiMgxCo1-xO2 phase and their combinations at the surface region.49 Mg2+ ions contributed to the 
improved conductivity and Al3+ ions could stabilize the layered structure of the LCO by forming the 
solid solution. As a result, this strategy showed combined coating effects of Al2O3 and MgO 




Figure 9. (a) A schematic showing the mechanism of AlPO4 coating on the LiCoO2 cathode material, 
resulting structure and composition. (b) Surface TEM images of the “AlPO4”-coated LiCoO2. (c) 
Electrochemical performance of the bare LiCoO2 and “AlPO4”-coated LiCoO2 for 30 cycles. Voltage 












 Meanwhile, extensive research attempts have been adopted to enhance the intrinsic structural 
stability of the cathode material through a doping of foreign metal elements such as Mg, Al etc.50-52 It 
could improve the cycle retention of the LCO, whereas resulted in the lower initial capacity. Hence, 
minimum amounts of doping precursors were utilized for a practical use and generally post-surface 
modification was accompanied. Recently, Cho et al. reported a Ni doping on the LCO cathode 
materials. They noted that the different structural degradation mechanisms between the LCO and Ni-
rich cathode materials are associated with their electrochemical reversibility.53 In the LCO, an 
irreversible bulk-phase transition from the O3 to O1 phase is caused by the increased Coulombic 
repulsion between neighboring oxygen slabs at highly delithiated state. In the Ni-rich cathode 
materials, however, the migration of Ni ions to the Li slab results in the localized phase 
transformation at the cathode surface. They believed that the great electrochemical reversibility of the 
Ni-rich materials is attributed to the screen effect of migrated TM ions in the Li site. They adopted 
this concept to the LCO, which can delay the phase transition and thus results in the extended 
electrochemical reversibility. This hypothesis was validated by the in-situ XRD and HAADF-STEM 







Figure 10. (a) In-situ XRD results of the LiNiO2, LiCoO2, and LiCo0.9Ni0.1O2 (black, red, and green 
pattern, respectively) during charging process. (b) Voltage profiles of the LiCoO2 and LiCo0.9Ni0.1O2 
during 20 cycles between 3.0 and 4.5 V. (c) A scheme showing phase transition and change in lattice 







 In recent years, doping methods using foreign elements such as boron, zirconium, and vanadium has 
been adopted to the Ni-rich materials.54-56 For instance, Sun’s group incorporated the excess Zr ions 
into the LiNiO2 (denoted as LNO) during the co-precipitation process.56 Zr-doped LNO showed 
relatively reversible H2↔H3 phase transition than that of the pristine LNO, which was evidenced by 
dq dV−
1
 and X-ray diffraction (XRD) analyses. This resulted in the improved cycle retention at cut-off 
voltage of 4.3 V. As more than 80% of Li ions are extracted from the LNO when charged to 4.3 V, the 
enhancement in structural stability through the doping methods appears to be necessary for the high-
voltage operation of high-Ni content cathode materials.  
As mentioned above, the electrolyte containing carbonate solvents is inevitably decomposed at the 
high voltages, deteriorating electrochemical performances of the cell. Thus, the development of 
functional additives that can stabilize the electrode surface is essential for the high voltage operation 
(≥4.5 V). For example, vinylene carbonate (VC) is well known as one of the most effective additives 
at the commercial stage. Dahn’s group systemically identified the effectiveness of the VC in the Ni-
based cathode material/graphite full-cell by comparing with other various functional additives.57-58 
Fluoroethylene carbonate (FEC), lithium bis(oxalato)borate (LiBOB), and vinyl ethylene carbonate 
(VEC) also have been developed as other promising functional additives.16 These additives are 
generally decomposed during the charging process and produce stable interphases on both electrode 













1.2.3 Objective of this work 
 In this work, we report a high temperature solid-state surface modification as one of the promising 
approaches. The effectiveness of this simple and cost-efficient method was demonstrated using the 
large-sized LCO (D50 = ~20 μm) as a cathode material. Each component of the LCO/graphite full-
cell was thoroughly analyzed to find the major degradation mechanism in the high voltage 
environment. We found that the deterioration of layered cathode materials at high voltages was mainly 
attributed to the severe crack formation and structural collapse. Interestingly, Co ion crossover did not 
affect to capacity fading of the LCO/graphite full-cell, which is not consistent with earlier findings. 
During the high temperature calcination process, Mg ions diffused into the outermost and inner 
surface regions, forming the LiCoxMg1-xO2 phase. This robust phase protects the LCO surface against 
the Co ion dissolution and oxygen evolution, suppressing the bulk phase transition and crack 
formation. This led to the significant improvement in the electrochemical performances of the LCO in 
the extended voltage window (from 3.0 to 4.5 V vs. Li/Li+). Especially in the full-cell system (voltage 
range: 2.7-4.4 V), modified-LCO/graphite cell exhibited excellent capacity retention of ~87% after 
500 cycles, demonstrating the commercial viability of our approach. This finding could provide a new 














II. Experimental detail 
 
Materials preparation 
A pristine LiCoO2 (LCO) was provided by LG Chem, Ltd. and used without any further 
modification. For the synthesis of coating precursor (magnesium phosphate), magnesium acetate 
(Mg(CH3COO)2∙4H2O, 4.952g) was dissolved in the ethanol (150 ml). And then phosphoric acid 
(H3PO4, 85 wt%, 1.043 ml) diluted with ethanol (~10 ml) was slowly added into the solution, which 
results in the precipitation between Mg2+ and PO43−. The solution was stirred at 350 r.p.m for 1 h, 
filtered and dried at 120 °C for 1 h. To prepare the magnesium phosphate-incorporated LiCoO2 (M-
LCO), the as-prepared coating precursor (0.171 g) was mixed with LCO powder (20 g) by a 
mechanical mixer at 2000 r.p.m for 3 min. The mixed powder was annealed at 900 °C for 5 h (heating 
rate of 5 °C min−1) under the ambient air. 
 
Cell fabrication and electrochemical measurements 
All the electrochemical measurements were carried out using 2032R coin type half-cell and pouch 
type full-cell. To prepare the cathode composite electrode, cathode active material (96 wt.%) was 
mixed with Super-P (2 wt.%) and poly(vinylidene fluoride) binder (2 wt.%), dissolved in N-methyl-2-
pyrrolidone (NMP). The resulting slurry was cast onto aluminum foil and then dried at 120 °C for 1 h. 
The mass loading level and electrode density of the cathode electrode were 15.2 mg cm−2 and 3.8 g 
cm−3, respectively. This cathode electrode was assembled into coin type half-cells in Ar-filled glove 
box. Li metal was used as a negative electrode and 1 M LiPF6 in ethylene carbonate (EC), dimethyl 
carbonate (DMC), and diethyl carbonate (DEC) (1:2:1, v/v/v) with 2 wt.% of vinylene carbonate as an 
additive (Panax Etec.) was used for an electrolyte. The assembled cells were evaluated with constant 
charge/discharge C rate of 0.1C for the first cycle (formation cycle) and 0.5/1.0C for the following (50) 
cycles between 3.0 V and 4.5 V (vs. Li/Li+). For the rate capability test, the cells were cycled with a 
0.2C charge C rate and different discharge rates of 0.2/0.5/1.0/2.0/3.0/5.0C. All the EIS data was 
obtained from Biologic VMP-300 potentiostat with frequency range from 1 MHz to 10 MHz and a 
DC voltage amplitude of 10 mV after fully charged to 4.5 V. The galvanostatic intermittent titration 
technique (GITT) was employed using coin type half-cells, cycled in the voltage range of 3.0-4.5 V at 
constant charge and discharge C rate of 0.5C for 8 min with a rest time of 1 h.  
For the full-cell test, the anode composite electrode was prepared by blending artificial graphite (96 
wt.%), Super-P (1 wt.%), carboxymethyl cellulose (CMC, 1.5 wt.%), and styrene-butadiene rubber 
(SBR, 1.5 wt.%). The mixed slurry was coated onto cooper foil with a mass loading level of 6.8 mg 
cm−2 and dried at 80 °C for 1 h. The electrode was pressed to 1.5 g cm−3, and then dried again in the 
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vacuum oven at 150 °C for 6 h. The loading level and electrode density of the full-cell cathode 
electrode were adjusted to 13.60 mg cm−2 and 3.6 g cm−3, respectively. The same electrolyte with the 
cathode half-cell was employed in the full-cell test. The N/P ratio of the full-cell was ~1.12, and the 
cells were cycled between 2.7 and 4.4 V with charge and discharge C rate of 0.1C for the first cycle 
and 1C for the following (500) cycles. A degassing process was included during first charging. 
 
Material characterization 
To investigate the crystallographic structure of the cathode materials, the X-ray diffraction (XRD) 
patterns were obtained using Rigaku D/MAX 2500 V/PC X-ray diffractometer with Cu-Kα radiation. 
A scan range was from 10° to 80° (2 theta) with a scan step of 0.02° and a counting time of 5 s. The 
morphology of the cathode active materials was observed by scanning electron microscopy (SEM, 
Verios 460, FEI). To examine surface chemistry and microstructure, the cross-sectioned cathode and 
anode particles were prepared by ion milling system (Model 1040 Nanomill, Fischione), and then 
analyzed using the SEM-attached energy dispersive X-ray spectroscopy (EDX, XFlash 6130, Bruker). 
The atomic-scale structural and elemental analysis was performed by a high resolution-transmission 
electron microscopy (HR-TEM, ARM300, JEOL) at 300 kV. Dual-beam focused ion beam (FIB, 
Helios 450HP, FEI) was utilized for TEM sampling. STEM-EDX result was obtained from HR-TEM 
attached EDX(Aztec, Oxford). To measure the amount of Co dissolution, the coin type half-cells were 
fabricated with Li metal anode, and firstly charged to 4.5 V. Then, the cells were disassembled in a 
glove box and the cathode materials were stored in the electrolyte at 60 °C for 4 weeks. After 1st, 2nd, 
and 4th week, the amount of Co ions in the electrolyte was investigated using the inductively coupled 
plasma (ICP). The same amount of cathode materials (69.4mg) and the electrolyte (10ml) were used 











III. Results and discussion 
3.1  Morphology, structure, and surface composition 
Figure 11 shows SEM images of the pristine LCO (referred to as LCO) and modified LCO (referred 
to as M-LCO). Both LCO and M-LCO have almost same morphology and particle size (10~25μm), 
which implies that our solid-state surface modification with a high temperature of 900 °C did not 
affect the morphology and particle size of the LCO. Meanwhile, some stuff could be found on the 
LCO surface, whereas the M-LCO had a relatively clean and smooth surface. It is believed that some 
remained Li ions on the surface diffused into the LCO lattice during the high-temperature sintering 
process, as the amount of residual Li decreased after the modification (Table 1). The XRD patterns of 
the LCO and M-LCO showed a typical layered structure with a space group of R-3m (Figure 12). Any 
significant changes in XRD peaks were not observed after the modification, indicating that our 
modification process hardly affects the lattice structure of the LCO. 
  
 






















Next, the TEM and EDX analyses were carried out to investigate the effects of the modification on 
the LCO surface. As shown in Figure 13, Mg and P ions appeared to diffuse into the LCO surface. 
The incorporated Mg ions were mainly located at the surface with a thickness of over 100nm. The 
magnesium phosphate precursor would melt during the high temperature calcination process and the 
molten ions can diffuse into the LCO surface rather than create a coating layer on the surface. 
Interestingly, magnesium ions exhibited a concentration gradient from the surface to the subsurface 
regions (Figure 14, 15a). However, much smaller amount of phosphorus ions than magnesium ions 
were doped into the LCO surface, without having a concentration gradient. Most of undoped 
phosphorus ions were agglomerated on the LCO surface, creating phosphate compounds (-PO4) 
without uniformity (Figure 15b). It would be difficult for phosphorus ion which favors the pentavalent 
state to substitute Co3+, Li+, or O2- ions. Therefore, it could be expected that P ions would not affect 
the electrochemical performance of the LCO, which will be proved through the electrochemical test in 
the following part. Figure 16a and b show the STEM images of the LCO and M-LCO surface, 
respectively. Both the surface and bulk structure of the LCO has layered structure with a space group 
of R-3m, while the outermost surface of the M-LCO changed into the rock salt phase during the high 
temperature calcination process. However, the modified M-LCO sample appeared to have overall 
layered structure in the fast Fourier transform (FFT) pattern, as the surface rock salt phase was very 
thin (≤2 nm). 
 
 
Figure 13. A scanning transmission electron microscopy (STEM) image and EDX mapping data of 




Figure 14. (a) A high angle annual dark field (HAADF)-STEM image of the M-LCO surface and (b) 





Figure 15. (a) A magnified STEM image and EDX line scanning of the M-LCO surface. The inset is 
the signal of P K series. (b) EDX point scanning from white dot region and mapping data, indicating 





Figure 16. A magnified HR-TEM images of the (a) LCO and (b) M-LCO. Magnified STEM images 











3.2  Electrochemical results 
 The electrochemical performance of each cathode material was evaluated using a half-cell with a 
voltage range of 3.0-4.5 V. The LCO and M-LCO showed almost same reversible capacity of ~190 
mAh g−1 and Coulombic efficiency of ~98% in the formation cycle, as shown in Figure 17a. The room 
temperature cycle test was carried out just after the formation cycle with a charge and discharge C rate 
of 0.5 and 1.0C, respectively. As shown in Figure 17b, the capacity retention of the LCO cathode was 
significantly improved with the introduction of magnesium ions. After 50 cycles, the M-LCO retained 
97.4% of its initial discharge capacity, whereas the LCO maintained only 72.4%. (Figure 17b). 
Additionally, we prepared other two modified LCO samples, which were then cycled under the same 
condition. One is a LCO sample doped with only magnesium ions using the Mg(OH)2 precursor 
(equal moles of the Mg ions with the M-LCO were used), and the other sample is a post-heat treated 
LCO without any coating precursor. Two samples were denoted as MO-LCO and H-LCO, 
respectively. Interestingly, the MO-CLO showed excellent capacity retention after 50 cycles, which is 
nearly equal to the M-LCO (Figure 17b). Hence, it was validated that the P ions do not affect the 
electrochemical performance of the LCO, as most of the phosphorus agglomerates on the LCO 
surface and hardly diffuse into the LCO lattice. Meanwhile, Dahn’s group revealed that the improved 
capacity retention of the metal oxide-coated LCO was mainly due to the heating process.36 However, 
only 78.9% of the initial discharge capacity was maintained for the H-LCO after 50 cycles, which is 
18.5% lower than the capacity retention of the M-LCO. The high temperature cycle test was also 
conducted at 60 °C. In the formation cycle, the LCO and M-LCO showed the high reversible capacity 
of 197 and 194 mAh g−1 with Coulombic efficiency of 98.7 and 99.9%, respectively (Figure 17c). 
Surprisingly, M-LCO exhibits an excellent capacity retention of 96.6% after 50 cycles even at the 
elevated temperature, which is ~40% higher than that of the LCO (Figure 17d). The phase stability of 
the M-LCO was verified by dq dV−1 curve (Figure 18). In general, the LCO has two peaks at about 
4.1 and 4.2 V, which are related to the bulk phase transformation between two hexagonal (O3) 
phases.59 However, these peaks disappeared even after the formation cycle and overall peak intensities 
decrease rapidly as cycling continues for the LCO, whereas the corresponding peaks for the M-LCO 
exhibit no significant change during cycling. This demonstrates that the introduction of the 





Figure 17. Electrochemical performance (half-cell) of the LCO and M-LCO (voltage range: 3.0 to 4.5 
V). (a), (d) The voltage profile graph of the formation cycle at 25 °C and 60 °C. Charge and discharge 
C-rate was 0.1C. (b), (c) The cycle performance at 25 °C and 60 °C (charge and discharge C-rate: 0.5 






Figure 18. dq dV−1 curves of 1st, 10th, 25th, 50th cycle for the (a) LCO and (b) M-LCO. 
 
 Next, the rate capabilities of the LCO and M-LCO were compared at different discharge C rates 
ranged from 0.2 to 5.0C and a fixed charge C rate of 0.2C (Figure 19a). The M-LCO showed 
relatively higher discharge capacity at increased C rates than that of the LCO, indicating that our 
strategy can enhance the rate capability of the LCO. In particular, the M-LCO retained its initial 
discharge capacity after the C rate recovered to 0.2 C, while the LCO showed decreased capacity 
under the same condition. This can be mainly attributed to the intrinsic charge transfer property of 
cathode materials. Thus, we conducted the EIS analysis to investigate the charge transfer resistance of 
the LCO and M-LCO (Figure 19b, Table 2). After the formation cycle, the interfacial resistance of the 
M-LCO was slightly higher than that of the LCO. However, the charge transfer resistance of the M-
LCO was stably retained, whereas that of the LCO exhibited a drastic growth during 50 cycles. The 
incremental resistance in the LCO surface hinders the facile Li-ion transport at the cathode-electrolyte 
interphase and thereby results in severe capacity fading, as demonstrated in electrochemical results. 
The enhanced Li ion kinetics at the M-LCO surface was also supported by the GITT results. Figure 
20c shows changes in the ohmic potential (IR drop) and overpotential of the LCO and M-LCO during 
50 cycles. The values of IR drop and overpotential for the LCO increased approximately 5 times after 




Figure 19. (a) Rate capability test of the LCO and M-LCO. Constant charge C rate (0.2C) was applied 
and discharge C rate was increased from 0.2 to 5.0C every four cycles. (b) EIS measurements of the 
LCO and M-LCO recorded after the formation, 25th, and 50th cycle. 
 







Figure 20. Voltage profile of GITT for the LCO and M-LCO after the (a) formation and (b) 50th cycle. 
(c) Change in values for IR drop and overpotential at various state of charge (SOC) from 10% to 90%. 
 
 To demonstrate the commercial viability of the M-LCO, the full-cell test was conducted with a long-
term cycling in the voltage ranged from 2.7 to 4.4 V. A conventional artificial graphite was used for 
the anode, which shows an initial reversible capacity of ~340mAh g−1 and stable capacity retention. 
The LCO/graphite full-cell (LCO/Gr) and M-LCO/graphite full-cell (M-LCO/Gr) delivered initial 
capacities of 10.8 and 10.3 mAh with initial Coulombic efficiencies of 92.7 and 93.5%, respectively 
(Figure 21a). In terms of the capacity retention, the M-LCO/Gr exhibited excellent performance of 
~87% after 500 cycles, while the LCO/Gr lost almost all initial capacity just after 125 cycles with a 
dramatically increased overpotential (Figure 21b, d). Furthermore, the M-LCO/Gr showed highly 
stable retention in the Coulombic efficiency during 500 cycles, compared to that of the LCO/Gr 
(Figure 21c). Much larger difference in the electrochemical performance was observed in the full-cell 




Figure 21. Electrochemical performance of the LCO and M-LCO in the full cell configuration. 
Artificial graphite was used for the anode. (a) Voltage profile graph at the formation cycle. (b) Cycle 
performance and (c) coulombic efficiency data during 500 cycles. (d) Change in voltage profile of the 











Co dissolution has been generally accepted as one of the major degradation mechanisms for LCO 
cathode materials. Accordingly, the LCO and M-LCO electrodes charged to 4.5 V were stored in the 
electrolyte solution at 60 °C and then the Co content in the solution was investigated by ICP. (Figure 
22). As expected, the amount of dissolved Co ions for the LCO electrode was ~2 times larger than that 
of the M-LCO after 4 weeks. In terms of the loss of Co, more than 7% of Co ions are extracted from 
the LCO during the storage, which results in the direct loss of the active materials and eventually 
significant capacity fading (Table 2). 
 
 
Figure 22. The contents of Co ions in the electrolyte for the LCO and M-LCO after the storage at 
60 °C for 4 weeks, measured by ICP. 
 








3.3  Structural analysis  
 To better understand the degradation mechanisms of the LCO/Gr full-cell and the improved 
electrochemical behavior in the M-LCO/Gr full-cell, we disassembled the cycled full-cells and 
analyzed each component. Firstly, some in-depth analyses were performed on the LCO and M-LCO 
cathodes. The SEM-EDX results of LCO and M-LCO surfaces showed that more carbon and fluorine 
were detected on the LCO cathode surface (Figure 23), which are well-known as decomposition 
products of the EC solvent and LiPF6 salt in conventional organic electrolytes.60-61 These surface side 
reactions cause the reduction of TM ions and the formation of disordered phases, which inhibit the 
diffusion of Li ions at the cathode-electrolyte interphase. Moreover, they consume extra Li ions and 
the electrolyte, leading to the deterioration in the cell performance. However, considering a huge 
difference in the capacity retention between the LCO/Gr and M-LCO/Gr full-cell, the variation in 
detected quantification values for two samples is marginal. Hence, the surface side reactions with the 




Figure 23. The EDS mapping and spectrum data of the (a) LCO and (b) M-LCO cathode after full-









Accordingly, to figure out the major degradation mechanism for the LCO/Gr, cathode 
microstructures in cycled LCO/Gr and M-LCO/Gr full-cells were investigated. As shown in Figure 24, 
more severe micro-crack generation was observed for the LCO cathode compared to the M-LCO after 
500 cycles. Some large cracks segregated one LCO particle into more than two pieces of particles, 
which was mainly observed in the large-sized LCO particle. Centered on these large cracks, many 
smaller cracks were formed in the LCO particle. Some large micro-cracks were also observed in the 
M-LCO particle, but small crack formation was noticeably mitigated (Figure 24b). HR-TEM analysis 
showed more clear differences in micro- and atomic-scale structure between the LCO and M-LCO 
particles. As expected, severe crack formation was apparently observed both on the surface and inside 
the LCO cathode particles compared to the M-LCO particles (Figure 25a, 26a). Notably, the newly 
formed cracks within the LCO particle would be exposed to the electrolyte, which may cause 
additional side reactions and consequent phase transition as well as TM reduction inside the particle. 
This leads to the drastic internal resistance growth and eventually deteriorates the electrochemical 
performances of the cathode. 
On the other hand, the M-LCO retained its smooth and even surface after the full-cell 500 cycles, 
whereas the LCO has a relatively uneven surface (Figure 25b, 26b). The difference in the uniformity 
between two cathode surfaces may be attributed to the suppression of the crack formation and Co 
dissolution as a result of the introduction of the Mg ions into the LCO surface. After cycling, the LCO 
surface underwent a phase transition from the layered structure to the spinel and rock salt structure 
(~2 nm), as evidenced by the HAADF-STEM image and FFT patterns of the LCO surface (Figure 
25c). Pit formation was also observed near the outermost surface of the LCO, which may be 
originated from the Co dissolution. However, the inside of the outermost LCO surface was appeared 
to retain original layered structure after 500 cycles. This implies that the surface damage of the LCO 
cathode was not too severe considering the highly poor capacity retention of the LCO/Gr full-cell, 
which corresponds to the EDX results. Therefore, it is worth mentioning that the drastic capacity 
fading of the large-sized LCO cathode was mainly due to the severe crack formation. In contrast, there 
was no significant change in the M-LCO surface during cycling. Hence, we could conclude that the 
introduction of the Mg ions into the LCO surface enhances the structural and chemical stability of the 
















Figure 25. Micro and atomic structure of the LCO surface after cycling. (a) TEM images of the LCO 
after full-cell 500 cycles. (b) A HR-TEM image of the LCO surface. (c) A STEM image of the white 





Figure 26. Surface micro and atomic structure of the M-LCO after cycling. (a) TEM images of the M-
LCO after full-cell 50 cycles. (b) A HR-TEM image of the M-LCO surface. (c) Outermost STEM 



















Figure 27 shows separated LCO particles by a large micro-crack formation after 500 cycles. As 
observed in SEM images, some small cracks were generated near the large crack. Interestingly, two 
separated LCO particles have different crystallographic orientations each other (Figure 27c). In fact, 
some large-sized pristine LCO consisted of several medium-sized LCO particles, forming a large 
secondary particle. Accordingly, different crystallographic orientations have existed in one particle 
before cycling. Therefore, continuous charging and discharging process could result in the anisotropic 
expansion and shrinkage of each primary particle, inducing significant strains and eventually crack 
generation at the grain boundary. A magnified HR-TEM image in Figure 28b shows some small 
cracks inside the LCO particle. As shown in STEM images, TM layers near the small crack 
significantly bent owing to the strain (Figure 28c, d). This continuous strain would break the TM-TM 
bonds and inevitably form other cracks. Furthermore, rock salt phase formation was also observed 
near the cracks, which is consistent with a recent study (Figure 28e, f).45 This phase transition is 
accompanied by the oxygen evolution from the LCO lattice and inhibits the reversible intercalation 
and deintercalation of Li ions near the crack. Therefore, we could conclude that the severe 
deterioration of the electrochemical performance in the LCO cathode is originated from the significant 
damage in the micro- and nanostructure. This detrimental structural damage can be suppressed by the 
incorporation of the Mg ions into the LCO structure. Magnesium ions substitute the Co or Li sites and 
function as a pillar which can maintain the TM-O bond even in the highly delithiated state. This 
results in the suppression of the structural collapse and crack formation, leading to the excellent 
capacity retention of the M-LCO. The improved structural stability of the M-LCO is also supported 
by the XRD data. Figure 29 shows the change in XRD peaks of the LCO and M-LCO after cycling. 
Notably, significant broadening and shift of the (003) peak at ~19° was observed for the LCO, which 
implies that the distance between two TM layers considerably increased. In addition, some peak 
changes including the disappearance of the (006) peak demonstrated the severe structural change of 






Figure 27. (a) A TEM image showing the large microcrack in the cycled LCO. (b) A magnified TEM 
image of the white box in (a). (c) A magnified HR-TEM image of the white box in (b). The white 
arrows indicate different Li ion diffusion pathway in each broken particle. The insets are FFT patterns 





Figure 28. Micro and atomic structure of the LCO near the cracks. (a) A TEM image of the LCO after 
cycling. The red ellipse indicates the broken interface of the particle that the crack formed. (b) A HR-
TEM image of the white box in (a). (c), (d) STEM images of the white box ‘A’ in (b). (e) A STEM 
























 As mentioned in Part 1.2.3, there have been no direct evidence demonstrating that the Co ion 
crossover causes the capacity fading of the anode and LCO/Gr full-cell. Thus, we observed the anode 
surface of the disassembled LCO/Gr and M-LCO/Gr full-cell in order to investigate the effect of the 
Co ion crossover on the full-cells (Figure 30). The back-scattered electrons (BSE)-SEM images 
enabled a clear identification of the cobalt on the graphite anode, as relatively heavier element appears 
white in this mode. As evidenced by the BSE-SEM and EDX analysis, the Co ions were deposited on 
the anode surface of the LCO/Gr full-cell, whereas hardly found on the anode surface of the M-
LCO/Gr full-cell (Figure 30a, b). In fact, the amount of deposited Co ions on the anode of the LCO/Gr 
full-cell was approximately 1% to that of carbon (Figure 31a). To validate the effect of the Co ion 
crossover on the anode and full-cell degradation, disassembled LCO/Gr and M-LCO/Gr full-cells 
were reassembled into the coin type half-cells using the used cathode and anode with a fresh Li metal 
and electrolyte. The reassembled half-cells were charged and discharged for 25cycles at a low C rate 
of 0.1C with a voltage ranged from 0.005 to 1.5 V for the anode and from 3.0 to 4.5 V for the cathode 
half-cells in order to confirm the reversible capacity. Interestingly, after the first cycle, the capacity of 
both anodes from LCO/Gr and M-LCO/Gr full-cells was recovered to ~300 mAh g−1 and stably 
retained this capacity during 25 cycles (Figure 32). Considering the used graphite anode has a 
reversible capacity of ~340 mAh g−1, approximately 88% of initial capacity was obtained in two 
anodes even after the 500 cycles in the high voltage condition. This apparently demonstrates that the 
Co ion crossover on the anode surface hardly affects the capacity fading of the graphite anode and 
LCO/Gr full-cell. Furthermore, we could conclude that the severe capacity fading in the LCO/Gr full-
cell was mainly originated from the cathode degradation, as the anode of the LCO/Gr had similar 
capacity with that of the M-LCO/Gr full-cell after the reassembly. The electrochemical cycling data 
from reassembled cathode half-cells also supported our conclusion. The reassembled cathode of 
LCO/Gr full-cell had a initial capacity of ~98 mAh g−1, which is a half of the original reversible 
capacity of the LCO. Furthermore, the pristine LCO cathode showed a high overpotential and drastic 
capacity fading during 25 cycles, despite the low-rate cycles of 0.1C. However, the reassembled M-
LCO cathode almost completely recovered original reversible capacity and showed stable capacity 




Figure 30. The SEM images of the graphite anode in the (a) LCO/Gr and (b) M-LCO/Gr full cell after 
500 cycles. The cross-sectional SEM images and EDS mapping data (right side) was presented. In the 





Figure 31. The EDS mapping and spectrum data of the graphite anode in the (a) LCO/Gr and (b) M-







Figure 32. (a) Voltage profiles of the reassembled LCO and M-LCO cathode in half-cell after full-cell 
500 cycles (voltage range: 3.0 to 4.5 V). (b) Voltage profiles of the reassembled graphite anode half-
cell in the voltage ranged from 0.005 to 1.5 V. Fresh electrolyte and lithium metal were used for the 
reassembly and all the reassembled half-cells were charged and discharged 25 times at 0.1C. 
 
 Finally, the surface of separators used in the LCO/Gr and M-LCO/Gr full cells was investigated 
through the SEM-EDX analysis. The severe clogging of the pores and the accumulation of surface 
deposits were observed in the LCO/Gr separator (Figure 33a, b). Previous studies reported that side 
reactions on both electrode surfaces and decomposition of the electrolyte at high voltages can produce 
the undesirable surface deposits on the separator surface.62-63 This could cause the porosity loss and 
decline in ionic conductivity of the separator, resulting in high overpotential. Furthermore, blocking of 
pores impede homogeneous current distribution and induce the formation of Li dendrite on the anode 
surface, which eventually leads to the failure of the full-cell. On the contrary, the M-LCO/Gr 
separator had a clean surface and unclogged pores after cycling, which may be ascribed to decreased 
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side reactions at both electrodes. Reduced cracking in the M-LCO cathode may suppress the 
additional electrolyte decomposition at new surfaces derived from the cracks, and thereby affect to 
decreased side reaction products on the surface of the anode and separator. This result elucidates that 
the significant difference in the electrochemical performance between the LCO/Gr and M-LCO/Gr 
full-cell was partly attributed to the poor Li ion diffusivity in the LCO/Gr separator.  
 
Figure 33. The SEM images (BSE mode) of the separator in the (a) LCO/Gr and (c) M-LCO/Gr full-




 This work has demonstrated the major degradation mechanism of the large-sized LCO at high 
voltage of 4.5 V (vs Li/Li+) by investigating each component of the LCO/Gr full-cell after 500 cycles. 
The severe degradation of the LCO/Gr full-cell was mainly due to the severe irreversible structural 
change and crack formation. Notably, severe crack generation can continuously expose a new surface 
to the electrolyte, which gives rise to the additional side reactions consuming extra Li ions and 
eventually leads to the drastic internal resistance growth within the cell. Interestingly, the side 
reactions on the LCO cathode surface and Co ion crossover on the anode surface do not significantly 
affect the electrochemical performance of the cathode and anode, which is not consistent with 
previous studies. Furthermore, we suggested the high temperature solid-state surface modification 
using the magnesium phosphate as one of the powerful methods to enable the high-voltage operation 
of the LCO cathode. The modified M-LCO showed Mg gradient from the surface, which exhibited 
significantly enhanced the reversibility of structural change and morphological robustness. Besides 
the bulk properties, our simple method improved the surface stability of the LCO, thereby showing 
the dual effect of the surface coating and bulk doping. This led to the significantly improved 
electrochemical performance of the LCO cathode especially in the full-cell system, which can meet 
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